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▼Genome-wide searches for linkage have come into fre-
quent use to dissect complex genetic diseases and traits
(Ref. 1, 2, 3, 4). The coelectrophoresis of dinucleotide re-
peat markers using multiple fluorescent labels has allowed
investigators to efficiently reach the 10 cM resolution nec-
essary to effectively screen the genome for linkage (Ref. 5,
6, 7). Despite the increased efficiency of coelectrophore-
sis, however, singleplex amplification of each marker
remains a slow and cumbersome process. No one has de-
scribedmultiplex PCR conditions for an entire linkagemap-
ping set. So, in order to increase throughput and decrease
error rates, multiplex PCR was optimized for each of the
three colors in each of the 28 panels of the ABI PRISM
Linkage Mapping Set version 1(Perkin Elmer). These condi-
tions should translate well for use with Linkage Mapping
Set version 2, since 52% of the optimized multiplexes con-
sist only of primer sets that were not replaced in the second
version. Another 36% have only one primer set that was
replaced, while the remaining 12% will probably not be
useful.
Figure 1 shows the typical progressions as primer concen-
trations within one multiplexed color are optimized. Am-
plificationwas carried out using 0.2 Units of AmpliTaqGold
DNA Polymerase (Perkin Elmer) in 10 mM Tris-HCl, 50 mM
KCl, 2.5 mM MgCl2, and 250 µM of each dNTP for a total
volume of 5 µL. Thermocycling was performed on a Perkin
Elmer GeneAmp PCR System 9600(Perkin Elmer) using an
initial hot start at 95 ◦C for 12 minutes, followed by 10 cy-
cles of 94 ◦C for 15 seconds, 55 ◦C for 15 seconds, and 72 ◦C
for 30 seconds, then 20 cycles of 89 ◦C for 15 seconds, 55 ◦C
for 15 seconds, and 72 ◦C for 30 seconds, and a final exten-
sion step of 72 ◦C for 30 minutes. Primer concentrations
were varied as shown above the position of each marker.
Separation was carried out using capillary electrophoresis
on an ABI PRISM 310 Genetic Analyzer (Perkin Elmer). The
figure shows the electropherogram of only one of the four
subjects used to optimize multiplex conditions. The multi-
plex shown is Panel 24 [TET], which proved quite difficult to
optimize, finally requiring separation into two multiplexes.
The bottom two electropherograms correspond to the mul-
tiplex of the two markers that failed to amplify within the
larger multiplex. D17S928 overlapped with invariant non-
specific products of the multiplex, but this did not interfere
with genotyping when all markers in the panel were pooled
and electrophoresed.
Two panels were run separately for singleplex and then
multiplex PCR. The results are presented in (Table 1). Sin-
gleplex PCRs were optimized by modifying annealing tem-
peratures andMgCl2 concentration. A comparison between
the twomethods shows a clear advantage formultiplex PCR
in the ratio of marker standard deviation with average peak
height, which corresponds to more even peak heights. The
difference between the overall between markers standard
deviation for the multiplexed markers, 530, and the be-
tween markers standard deviation within each multiplex
PCR, 309, is the direct result of pooling four tubes of PCR
products. By extrapolation, most of the higher standard de-
viation, relative to average peak height, for singleplex PCR
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FIGURE 1.
can be attributed to the pooling of more PCR products.
Co-amplifying markers produces more even peak heights
than trying to pool PCR products that have been ampli-
fied at different efficiencies. The even peak heights that we
produced using multiplex PCR translated to fewer marker
failures than we experienced using singleplex PCR. Our 5%
failure rate with multiplex PCR compares favorably to the
8% failure rate reported by Ghosh et al. (Ref. 8) using sin-
gleplex PCR on an ABI 377.
Capillary electrophoresis separated alleles with a great de-
gree of accuracy. The average base pair standard deviation
within alleles across the two panels amplified using single-
plex PCR was only 0.070 bp. This compares favorably with
the published 0.083 bp and 0.146 bp average standard de-
viations reported by Ghosh et al. (Ref. 8) for the ABI 377
and 373, respectively. Given that the markers used were for
the most part simple dinucleotide repeats, this standard de-
viation is only 3.5% of the bp difference between alleles.
Standard deviation varied across the markers amplified, but
it never exceeded 0.110 bp, or 5.5% of the distance between
alleles. Two of the markers in these two panels, D18S70 and
D18S52, had more complex allele systems with 1-bp differ-
ences between alleles. Despite their complexity, thesemark-
ers were easily genotyped, as the standard deviationwas still
less than 10% of the difference between alleles. Contrary to
expectations that standard deviation should increase with
marker length, no such relationship was evident. Themark-
ers with the largest standard deviations were simply those
Table 1. Singleplex vs multiplex PCR
Singleplex Multiplex
Average peak height (in fluorescent units) 1039 1678
Average standard deviation of peak heights within each marker 996 971
Standard deviation of average peak heights across all markers 709 530
Average standard deviation of average peak heights across co-amplified markers 309
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with the lowest average amplitude, because peaks become
more jagged and irregular with lowered amplitude.
As an indication of the accuracy of genotyping with
multiplex PCR and capillary electrophoresis, the last two
panels genotyped (chromosome 2) had one discrepant
genotype consistent with non-Mendelian inheritance out
of 56 individuals in 7 two-to-four generation pedigrees.
With 28 markers typed, this represents a detected error rate
of 1/1507 = 0.066%. The overall map length of chromo-
some 2 was observed to be 309 cM compared to an expected
distance of 260 cM.
In summary, multiplexing conditions have been deter-
mined for the ABI PRISM Linkage Mapping Set version 1,
allowing investigators to run 117 instead of 358 PCR re-
actions for a genome screen. These conditions should also
assist users of version 2 of the linkage mapping set, as more
than half of the optimized multiplexes contain no mark-
ers that were replaced. The primer concentrations used for
each of the multiplex PCRs to amplify the set are available
at http://www.genes.uchicago.edu/panels. Not only does
multiplex PCR reduce equipment usage and personnel time,
it also produces more even peak heights and decreases the
likelihood of errors due to multiple pipetting steps. The in-
jection of samples using an autosampler on the ABI PRISM
310 Genetic Analyzer further reduces the possibility of er-
ror and provides a hands-off throughput of more than 4800
genotypes per week. Capillary electrophoresis provided the
precision and reliability to genotype efficient dinucleotide
sets and even more complex loci with alleles differing by a
single base pair.
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